Effects of electrolyte, catalyst, and membrane composition and operating conditions on the performance of solar-driven electrochemical reduction of carbon dioxide 
only lower polarization losses but also better selectivity to CO2R versus hydrogen evolution. Addition of supporting electrolyte to increase its conductivity has a negative impact on cell performance because it reduces the electric field and the solubility of CO 2 . Addition of a pH buffer reduces the polarization losses but may affect catalyst selectivity. The carbon dioxide flowrate and partial pressure can have severe effects on the cell efficiency if the carbon dioxide supply rate falls below the consumption rate. The overall potential losses can be reduced by use of an anion, rather than a cation, exchange membrane. We also show that the maximum polarization losses occur for the electrochemical synthesis of CO and that such losses are lower for the synthesis of products requiring a larger number of electrons per molecule, assuming a fixed current density. We also find that the reported electrocatalytic activity of copper below -1 V vs RHE is strongly influenced by excessive polarization of the cathode and, hence, does not represent its true activity at bulk conditions. This article provides useful guidelines for minimizing polarization losses in solar-driven CO2R electrochemical cells and a method for predicting polarization losses and obtaining kinetic overpotentials from measured partial current densities.
INTRODUCTION
The solar-driven electrochemical reduction of atmospheric carbon dioxide to fuels using proton derived from the splitting of water offers a potentially sustainable route for the production of carbon-neutral fuels.
1, 2 Achievement of this capability requires a thorough understanding of the processes occurring in the electrochemical cell where water is oxidized to produce proton and the proton is then used to reduce carbon dioxide. Previous studies have shown that the overall efficiency of carbon dioxide reduction (CO2R) is limited by the overpotentials for the catalysts required to promote the two central reactions -the oxygen evolution reaction (OER) 3, 4 and the carbon dioxide reduction reaction (CO2RR) 1, 5 -and by potential losses due to transport of charged and neutral species occurring in the electrolyte. 6, 7 While the effects of catalyst composition on the overpotentials for the OER and the CO2RR have been discussed extensively in a number of reviews and the references cited therein, 5, [8] [9] [10] the influence of transport phenomena has been treated to only a limited degree. [11] [12] [13] Gupta et al. 11 have discussed the influence of species transport on the electrochemical reduction of CO 2 in an aqueous solution of KHCO 3 . Their transport model only considered diffusion of inorganic carbon-containing and hydroxyl species through a boundary layer attached to the cathode but did not include the critical contributions from migration, water dissociation kinetics, proton and potassium balance, and charge balance. A more complete transport model for the electrochemical reduction of CO 2 in aqueous KHCO 3 has been presented by Delacourt et al., 12, 13 but their analysis is specific to the production of synthesis gas at current densities up to 150 mA/cm 2 , which are much higher than those envisioned for a photoelectrochemical cell (~10 mA/cm 2 ). Therefore, there remain many open questions relevant to solar-driven CO2R that need to be addressed. These include: i) What is the optimal pH range for CO2R? ii) Does addition of supporting electrolyte or buffer affect polarization losses? iii) What is the minimum mass-transfer coefficient of CO 2 required to support a current density of 10 mA cm -2 ? iv) How much mixing is required to support a current density of 10 mA cm -2 ? v) Does catalyst selectivity affect the polarization losses? vi) What type of ion selective membrane is best suited for CO2R? and vii) How are electrocatalytic measurements affected by polarization of the electrodes? The present study addresses each of these questions with the aim of identifying optimal operating conditions for a planar electrochemical CO2R cell.
The rest of this article is organized as follows. The governing equations, the boundary conditions and the physical parameters used to model a CO2R electrochemical cell are described in Section 2. The effect of pH, current density, conductivity, buffer capacity, boundary layer, CO 2 feed, catalyst selectivity, and membrane on the polarization losses are shown and discussed in Section 3. The concluding remarks are followed by the recommendations for cell design, operating conditions, membrane, and electrolyte selection in Section 5. Figure 1 shows a schematic of a one-dimensional photo/electrochemical cell for carbon dioxide reduction. The cell has a well-mixed anolyte and catholyte regions to which carbon dioxide is constantly supplied at fixed partial pressure and flow rate. The anolyte and catholyte are separated by an ion-exchange membrane. The species in the CO 2 equilibrated electrolyte are dissolved CO 2 Figure 1: Schematic diagram of a one-dimensional photo/electrochemical carbon dioxide reduction cell. Carbon dioxide is fed into a well-mixed region where the directions of steadystate transport of species are shown by the straight arrows. The holes produced by the light absorber oxidize water at the anode and the corresponding electrons reduce carbon dioxide to products (HC) at the cathode. The reactants and products diffuse and migrate through the boundary layers (BL).
THEORY

Polarization Losses
Polarization loss due to transport of species (by migration and diffusion) and concentration gradients can be represented as a sum of i) ohmic loss, ii) diffusion loss, and iii) Nernstian loss. The ohmic loss is due to the resistance of the electrolyte, and the diffusion loss originates from the ionic gradient in the boundary layer near each electrode due to the applied current density. The ohmic and diffusion losses can be combined into the solution loss such that 
where R is the gas constant, T is the temperature, n is the moles of electron transferred per mole of CO 2 , and 2 CO p is the partial pressure of carbon dioxide. The Nernstian loss due to pH change at the cathode will be referred to as the cathode pH loss, that due to the pH change at the anode will be referred to as the anode pH loss, and that due to change in the CO 2 concentration at the cathode will be referred to as the CO 2 loss. The losses given by Equation (1) and (2) are due to transport of species in the electrolyte, which, in turn, depend on the applied current density, electrolyte composition, electrolyte hydrodynamics , carbon dioxide feed concentration and rate, membrane composition, and catalyst selectivity. The kinetic overpotentials for the OER and CO2RR also contribute to the total losses in the electrochemical cell.
Acid-Base Equilibria
The amount of carbon dioxide dissolved in the electrolyte depends on the pressure, temperature, and salinity † of the electrolyte. The equilibrium of CO 2 between gas and liquid phase,
is given by the Henry's constant   0 K , such that † Salinity is defined as the total amount of salt (in grams) dissolved in 1 kg of solution. The unit of salinity is given in parts per thousand (‰). 
This empirical relationship shows that the solubility of carbon dioxide decreases with increasing total salt concentration, a phenomenon known as the "salting-out" effect.
The dissolved CO 2 can also be hydrated to form carbonic acid, but its concentration is only about 1/1000 of the concentration of dissolved CO 2 . 15 
The values of forward rate constants of reactions (6) and (7) , respectively. 16 The reverse rate constants can be obtained from pK 1 and pK 2 for reactions (6) and (7), respectively. The dependence of the equilibrium constants on temperature and salinity can be found elsewhere. 14 We also include the bulk ionization of water,
The value of the forward rate constant of water ionization is The transport of species in the electrolyte and membrane must satisfy mass conservation, such that (6), (7), and (8) . The molar flux of species in dilute electrolyte can be written as a sum of fluxes due to diffusion and migration.
where i u is the mobility of ion given by the Nernst-Einstein relationship, and l  is the electrolyte potential. The diffusion coefficients of species in the dilute electrolyte are given in Table 1 . We neglect the variation of diffusion coefficients with the electrolyte concentration, as the variation is marginal for dilute electrolytes (< 10 mol%). (11) and the assumption of electro-neutrality,
18
The same set of equations [(9) - (12) ] were used to model the boundary layer region, the well-mixed region, and the membrane. Expressions for the rate of CO 2 transfer to or from the electrolyte, and diffusion coefficients for transport of ions through the membrane are discussed in the next three subsections.
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Well-Mixed Electrolyte
The well-mixed region of the electrolyte, as shown in Figure 1 , was assumed to have no diffusional resistance and therefore charged species are transported only by migration. The net rate formation of HCO 3 -, CO 3 2- , H + , OH -were set to zero in the bulk because reactions 6, 7, and 8 were assumed to be at equilibrium. Therefore, only the rate of CO 2 transfer from gas phase to liquid phase was non-zero. A constant feed of CO 2 in the well-mixed region was included as an additional generation term on the right side of equation (9), given as
where l ka is the volumetric mass-transfer coefficient (unit: s -1 ) on the liquid side of gas-liquid interface, and  is the fraction of inlet CO 2 transferred from the gas phase to the liquid phase. In the present scenario, the volumetric mass-transfer coefficient is equivalent to the inverse of the residence time of gas bubbles. The typical ranges for that the bulk electrolyte is always saturated with CO 2 and the current density is not limited by the mass-transfer of CO 2 in the bulk. The effect of the mass-transfer coefficient on the polarization losses will be discussed in section 3.7. We have also fixed the boundary layer thickness to 100 µm in all simulations except for the results shown in section 3.6.
Evolution of CO 2 at Anode
As will be shown, at high current densities the boundary-layer region near the anode can become acidic. When this happens, the concentration of CO 2 in the bulk electrolyte will be supersaturated above the saturation level predicted for the anode boundary layer and consequently bubble-out of the electrolyte in this region. Therefore, it is essential to continuously feed CO 2 to the anolyte to avoid depletion of CO 2 and hence the bicarbonate buffer. Consequently, a higher pH changes at the anode can be observed in the absence of CO 2 feed in the anolyte.
Wilt has shown that the homogenous nucleation of CO 2 in carbonated water requires supersaturation three orders of magnitude higher than the saturation level at room temperature and, therefore, concludes that heterogeneous nucleation is the principal mechanism for CO 2 evolution from aqueous solution 23 Moreover, he proposes that the rate of nucleation on a rough surface with conical cavities is second order in the supersaturation for low levels of supersaturation (S < 2). 23 Therefore, we represent the evolution CO 2 as a boundary condition at the anode. The rate of CO 2 evolution per unit of anode area is given by 23 .
Membrane
The cation exchange membrane (CEM) was modeled as an electrolyte with a background negative charge of 1 M and modified diffusion coefficients. The diffusion coefficients of cations were reduced by a factor of 10 (ref. 24 ) and that of anions were reduced by a factor of 100 (refs. 25, 26) relative to those for cations and anions, respectively, in the liquid electrolyte. Similarly, an anion exchange membrane (AEM) was assumed to have a fixed background positive charge of 1 M, and anion and cations diffusion coefficients reduced by a factor of 10 (ref. 27 ) and by a factor of 100 (assumed), respectively, relative to those for transport in the electrolyte.
Surface Reactions at Anode and Cathode
Charge-transfer kinetics at the anode and cathode were modeled using Butler-Volmer kinetics, such that The half-cell reaction at the anode is the oxidation of water, which creates acidic conditions near the electrode.
For the work reported here, the kinetics of water oxidation on IrO 2 was used for the anode due to its stability under acidic conditions and its low overpotential for oxygen evolution. 4 The kinetic parameters are given in Table 2 .
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Reaction Catalyst
These reactions produce one hydroxide ion per electron transferred. However, the stoichiometric amount of CO 2 consumed per electron transferred varies for each CO2R product. Therefore, maximum polarization in the electrochemical cell will be observed for the carbon monoxide evolution reaction (CER) which has highest stoichiometric ratio (0.5) for CO 2 .
2.5
Electrode Current Density
The current density at a metal electrode is given by Ohm's law:
where s  is the conductivity of the electrode.
To maintain electroneutrality, the divergence of current density in the solid and the liquid must be zero:
The potential in the electrochemical cell was calculated relative to zero potential at cathode, and the anode was assumed to have a fixed current density which can be supplied by a photoactive material.
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Equations (3) - (19) were solved using COMSOL Multiphysics 4.3b, and the polarization losses are obtained by post-processing the simulation results according to equations (1) and (2).
Prediction of Polarization Losses on Silver and Copper Cathodes
The polarization losses were determined for a number of scenarios. In Sections 3.2-3-8 these calculations are reported for a cell containing an Ag cathode and an IrO 2 anode, assuming that Faradaic efficiencies for O 2 and CO formation are 100% in both cases. Two different scenarios are compared in Section 3.9. The first two are for a cell containing an IrO 2 anode and an Ag cathode in which CO is formed with a Faradaic efficiency of 100% or CO and H 2 are formed over a Ag cathode with the Faradaic efficiencies reported by Hatsukade et al. 28 The kinetic parameters for cathodic reactions are also given in Table 2 .
The partial current densities of CO2RR products formed at a Cu cathode and the corresponding Faradaic efficiencies were used to predict polarization losses in the electrochemical cell of Kuhl et al. 2 and are reported in Section 3.10. We use the same set of equations to predict polarization losses except that the boundary condition (15) (6), (7), and (8)), and is constrained by the requirement that the solution be electroneutral (Eq. (12)). Therefore this system has two degrees of freedom. Setting the concentrations of CO 2 and H + (or the pH) in the electrolyte automatically fixes the equilibrium concentrations of the remaining species. Alternatively, one can independently set the conductivity and pH of the electrolyte. Figure 2 shows the concentration of dissolved carbon-containing species in the potassium bicarbonate/carbonate electrolyte as a function of pH for a temperature of 25 C and a total pressure of 1 atm. Figure 2 : Concentration of carbon dioxide, hydrogen, hydroxyl, bicarbonate, carbonate, and potassium ions as a function of bulk pH of the potassium bicarbonate/carbonate electrolyte at 25 C and a total pressure of 1 atm. For pH < 9.22, the partial pressure of CO 2 is 1 atm. For pH = 9.22, the solubility limit of KHCO 3 is reached, and for pH = 10.6, the solubility limit of K 2 CO 3 is reached. Consequently, the partial pressure of CO 2 , and hence the concentration of dissolved CO 2 must be reduced to avoid precipitation of KHCO 3 and K 2 CO 3 for pH > 9.22.
The dominant carbon-containing species in the electrolyte for pH < 5 is molecular carbon dioxide which has a solubility of ~ 33 mM at 25 C and 1 atm of CO 2 . The additional species , and dissolved CO 2 . The concentration of dissolved CO 2 decreases as a consequence of increasing concentrations of potassium bicarbonate and potassium carbonate in this pH range, a consequence of the "salting out" effect. The concentration of KHCO 3 reaches its solubility limit at pH 9.22. Therefore, to prevent solid formation the concentration of dissolved CO 2 must decrease below the saturation level for pH > 9.22. Above a pH of 10.6 precipitation of K 2 CO 3 can occur, and consequently the concentration of dissolved CO 2 must decrease further.
Effect of Electrolyte pH
The limiting reactant in the electrochemical CO2R can be either carbon dioxide or protons. The rate of consumption of the reactants is linearly dependent on the current density. Therefore, the reactant concentrations at the cathode decrease with increasing current density and can eventually reduce to a negligible value. The current density under such situation is limited by the mass-transfer of reacting species to the cathode, and is known as the limiting current density. The limiting current density is the maximum current density at which the electrochemical reaction can occur. Figure 3a shows the variation in the limiting current density as a function of pH of the electrolytes for a fixed conductivity of 4 S m -1 in a membrane-free cell. The concentrations of species in the electrolytes of different pH follow a trend similar to that shown in Figure 2 . The fixed electrolyte conductivity of 4 S m -1 imposes a limit on the maximum allowable ionicity of the electrolyte, which, in turn, determines the pH range (1 ≤ pH ≤ 7.4) over which the electrolyte can be saturated with CO 2 . Therefore, to prepare electrolytes with pH > 7.4 and a conductivity of 4 S m -1 , the partial pressure of CO 2 must be reduced below 1 atm. The plot shows three marked regions -the first region (1 ≤ pH < 2) corresponds to strongly acidic electrolyte, the second region (2 ≤ pH < 4) corresponds to mildly acidic electrolyte, and the third region corresponds to pH ≥ 4. The strongly acidic region has a higher concentration of protons than carbon dioxide, which makes the CO 2 reduction current density limited by mass transport of carbon dioxide to the cathode. The limiting current density in the strongly acidic regime decreases with increasing pH. The mildly acidic regime is limited by the transport of protons because the concentration of protons is lower than the concentration of carbon dioxide.
Interestingly, the proton-limited current density exhibits minimum at around pH = 3. Thereafter, the limiting current density increases steadily up to ~ pH = 8 and then decreases down to a negligible level past pH = 11. Although the region past pH 4 has a much lower concentration of protons, the current is limited by the mass transfer of carbon dioxide to the cathode. This is due to facilitated transport of protons through bicarbonate ions, which acts as a buffer and can readily dissociate to give protons. Figure 3a also shows that the CO 2 -limited
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Physical Chemistry Chemical Physics Accepted Manuscript current density increases with the increase in the concentration of bicarbonate ions up to pH = 8. The decrease in the limiting current density beyond pH = 8 is due to the decrease in the concentration of CO 2 required to maintain a conductivity of 4 S m -1 (cf. Figure 2 ). The limiting current density has maxima around pH = 1 and pH = 8, which also result in lower polarization losses.
The total polarization loss is the sum of solution and Nernstian losses, given as Figure 3b shows the polarization losses for a current density of 10 mA cm -2 in a membrane-free cell. The polarization loss increases with the pH in the strongly acidic regime, where the dominant source of the potential loss before reaching the limiting current density is the CO 2 loss. However, the cathode pH loss becomes dominant and takes over the CO 2 losses at around pH = 2. Although the high concentration of protons in strongly acidic electrolytes can help to minimize polarization losses and the pH change at the electrodes, it can affect electrode stability and give rise to an increase in hydrogen evolution over CO 2 reduction. The shaded region (-2 ≤ pH ≤ 6.5, and pH ≥ 9) in Figure 3b corresponds to unbounded polarization losses when the applied current density is higher than the limiting current density. Generally, the polarization losses in the shaded region are higher than those for acidic and nearneutral pH electrolytes. The lower polarization losses in near neutral pH (6.5 < pH < 9) electrolytes is due to the presence of bicarbonate ions. Despite the buffering capacity of bicarbonate ions, the cathode pH loss still dominates in this region. The polarization loss in the 
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near neutral pH regime shows a minimum of 237 mV at pH 8.5. However, the lowest CO 2 loss is observed at pH 7.4. The solution loss is < 11 mV throughout the pH range. The anode pH loss is also very low except near pH = 2 and 6.5, where it is comparable to the CO 2 loss. Interestingly, the anode pH loss is not as severe as the cathode pH loss. The depletion of CO 2 due to its consumption at the cathode also reduces the concentration of bicarbonate ions (cf. (6)). The decrease in the buffering capacity at the cathode increases the pH near this electrode more rapidly than that near the anode.
Effect of Current Density
The maximum photocurrent density for CO2RR that can be obtained from an ideal triplejunction light absorber is < 18 mA cm -2 . 29 Figure 4a shows the kinetic overpotentials for the CER and OER, and the polarization losses as a function of photocurrent densities from light absorber. These individual losses along with equilibrium potential determine the total voltage requirement of an electrochemical cell, which is given by:
where OER  and CO2RR  are the kinetic overpotentials for the OER and the CO2RR, respectively, E are the equilibrium potentials of the OER and CO2R reactions, respectively. Clearly, the largest potential loss is due to the overpotential of the CER for which the onset potential is ~800 mV. The second largest potential loss is due to overpotential of OER. The majority of the polarization loss comes from the increase in the pH and the decrease in the concentration of CO 2 at the cathode. The distribution of polarization losses for a current density of 10 mA cm -2 is as follows: cathode pH loss, ~64%, CO 2 loss, ~33%, solution loss, ~2%, and anode pH loss, ~1%. The following pattern of polarization losses is invariant with the current density. Figure 4b shows the variation in the concentrations of carbon-containing species, hydroxide anions, and protons near the cathode with the current density. The surface concentration of carbon dioxide at 10 mA cm -2 is 0.66 mM, approximately two orders of magnitude lower than the saturation limit. Also the cathode surface pH at 10 mA cm -2 is 9.45, or 1.65 pH units higher than the bulk pH of 7.8 (which corresponds to 1M KHCO 3 ). The corresponding cathode pH and CO 2 losses at 10 mA cm -2 are ~96 mV and ~50 mV, respectively.
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The polarization losses at the cathode seen in Figure 4a are consistent with the surface concentrations in Figure 4b Figure 5 shows the effect of adding supporting electrolyte (potassium chloride) on the polarization losses in 1M KHCO 3 at 10 mA cm -2 . The conductivity of this electrolyte can be increased by adding a supporting electrolyte, such as KCl. For instance, the addition of 3M KCl increases the conductivity and salinity of the electrolyte to 37 S m -1 and 300 ‰, respectively.
Effect of Electrolyte Conductivity
The increase in the salinity/conductivity of electrolyte has two effects -i) reduction of the electric field (see Eq. (1)), and ii) salting-out of CO 2 (see Eq. (5)). The reduction of the electric field decreases the migration of ions, which is followed by an increase in the diffusional flux to support the same current density. The following equation shows how the concentration gradient must increase to balance the drop in potential gradient (or electric field) at a fixed current density. 
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The increase in the concentration gradients increases the deviation of pH and CO 2 concentration at the electrodes, which in turn increases the Nernstian losses. Additionally, the lower solubility of CO 2 (~0.7 mM with 3M KCl) in the saline electrolyte causes even more depletion of CO 2 at the cathode. Consequently, the polarization losses except for the solution loss increase monotonically with the conductivity. The solution loss decreases with conductivity according to Equation ( 
Effect of Buffer
Buffers such as acetate, phosphate, and borate salts dissociate when the cathode pH goes above their pKa values, and hence help to minimize pH changes at the electrodes. Figure 6 shows the effect of buffer concentration on the polarization loss in 1M KHCO 3 electrolyte. The buffered electrolyte contains equimolar quantities of conjugated acid (HA) and conjugated base (A -) species, such that the pKa of buffer is equal to the pH 7.8. The majority of the overall polarization loss, ~97%, is due to polarization of the cathode and can be minimized with the addition of buffer The polarization loss at 10 mA cm -2 using buffer concentrations of 0 M, 0.1 M, . Since the protons and hydroxide anions are minority charge carriers, the pH gradients are very low. The gradient in CO 2 concentration is also decreases with pH gradient. Although the use of pH buffer shows promise for minimizing polarization losses, it can have a negative effect on the CO2RR selectivity due to the reactivity of the conjugate acid towards hydrogen evolution (i.e., -- 
Effect of Boundary Layer Thickness
The foregoing analysis of polarization losses was conducted for boundary layers 100 µm thick, a thickness not difficult to realize in a CO2R electrochemical cell. The boundary layer thickness can be tuned by adjusting the flowrate of CO 2 and/or electrolyte. For a fixed current density or ionic fluxes, the concentrations of CO 2 and protons at cathode will decrease with increase in the boundary layer thickness (according to Fick's law). The greater is the departure of the surface concentrations from those in the bulk, the greater are the polarization losses. Figure 7 
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shows a monotonic increase in the polarization losses with increasing boundary layer thickness for 1M KHCO 3 electrolyte at 10 mA cm -2 . Here again, the major contributions to the polarization loss are from the cathode pH and CO 2 losses. The polarization loss at the cathode is 96% and at the anode is 4% of the total 200 mV. The solution and anode pH losses are less than 16 mV. A similar effect of boundary layer thickness on polarization losses can be expected for Figures 3b,  4a , 5, and 6. The relative magnitude of polarization losses can be affected by the boundary layer thickness, but not their rankings. To keep the polarization loss to < 200 mV requires a boundary layer thickness smaller than 188 µm. A more precise estimation of boundary layer thickness requires computational fluid dynamics simulation of a bubbly-flow in the electrochemical cell, which is outside the scope of this effort. 
Effects of Carbon Dioxide Mass-Transfer Coefficient and Partial Pressure
The electrochemical cell must be supplied with a sufficient molar flow of CO 2 to match the maximum CO 2 consumption flux of 0.52 mmol m -2 s -1 at 10 mA cm -2 (assuming that CO is the only product formed). The flowrate and partial pressure of CO 2 can be adjusted independently to supply the required amount of CO 2 . Figure 8a shows the effect of mass-transfer coefficient of CO 2 in 1M KHCO 3 on the polarization losses at 10 mA cm -2 . The polarization losses are almost As mentioned above, the partial pressure of CO 2 can be adjusted for a fixed flowrate according to the consumption of CO 2 at the cathode. The operation of an electrochemical cell in an electrolyte subsaturated in CO 2 will increase the polarization of the cathode. The effects of CO 2 partial pressures in 1M KHCO 3 on the polarization losses are shown in Figure 8b . The polarization loss increases to ~215 mV as the partial pressure of CO 2 is reduced to 0.5 atm. Here the major sources of polarization losses are the cathode pH loss -59%, and CO 2 loss -37%. The 
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anode pH losses are less than 18 mV. The lowest partial pressure of CO 2 required to attain a current density of 10 mA cm -2 is 0.15 atm, which is 385 and 2 times higher than the partial pressure of CO 2 in air and flue gases, respectively. This suggests that flue gases could be a potential source of CO 2 for future CO2R electrochemical cells.
Effect of Membrane Ion Selectivity
The purpose of the membrane in an electrochemical cell is to transport the majority charge carriers and prevent the crossover of the products of CO2R. Figure 9 shows the effects of using a cation exchange membrane (CEM) versus an anion exchange membrane (AEM) on the polarization losses in 1M KHCO 3 electrolyte. The addition of AEM to the electrolyte causes a slight increase in the polarization loss by ~ 10 mV at 10 mA cm -2 over that found in the absence of a membrane. By contrast, the polarization losses produced using a CEM rise rapidly with current density, and are infinite at 10 mA cm -2 . The polarization losses in presence of a CEM are higher compared to those for an AEM or the absence of a membrane. Also, the limiting current density attainable using a CEM is much smaller than that attainable using an AEM. Since the majority charge carriers at steady state are carbonate and bicarbonate ions, an anion exchange membrane will be most suitable for CO2RR electrochemical cells. In the case of a CEM such as Nafion, the majority charge carriers (anions) will be blocked and potassium ions (cations) will be forced to migrate towards cathode causing electrodialysis and extremely high polarization losses. Unfortunately, most work on electrochemical CO2RR at pH 6.8 is performed with Nafion (a proton exchange membrane).
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Effect of Catalyst Selectivity
The polarization losses will be highest for electrochemical synthesis of CO, due to high stoichiometric consumption of CO 2 per electron, as compared to other products of the CO2RRs. Figure 10 shows the current density versus cell potential and the distribution of losses for the case where an IrO 2 anode and an Ag cathode (assuming 100% CO selectivity) are used. The Butler-Volmer parameters are given in Table 2 . The polarization loss is ~5.5% of the cell voltage for a current density of 10 mA cm -2 . It should be noted that the polarization losses decrease as the number of moles of CO 2 consumed per transferred electron decreases. This trend occurs because the decrease in the consumption of CO 2 per electron-transferred decreases the depletion of CO 2 at the cathode, which in turn reduces the polarization losses. In general, the polarization losses for various CO2RR products obey the following trend: CH < C H = C H OH = CH OH < HCOO = CO It is possible to obtain enhanced catalytic activity using photo-generated carriers, which can further reduce kinetic overpotentials for CO 2 reduction. 31 However, the polarization losses will remain the same for solar-enhanced catalytic reactions, as it is only dependent on the photocurrent density, operating conditions, and chemical composition of electrolyte and membrane.
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Effect of Polarization Losses on Catalyst Activity Measurements
The electrode polarization is inevitable in any electrochemical cell as the current density passed through the cell approaches the limiting current density. Figure 12 shows the observed partial current densities versus the cathode potential (vs RHE) for six major products reported by Kuhl et al. 2 Also shown are with the calculated values of the pH and CO 2 concentration at the cathode. The polarization is not significant up to -1 V vs RHE. However, below an applied voltage of -1.1 V vs RHE which correspond to a total current density of > 8 mA cm -2 , the CO 2 concentration decreases rapidly to 0.1 mM and the pH rises to 9.5. The effects of polarization losses on the kinetic overpotentials of individual products of the CO2RR are presented in the supplementary information. The behavior of Tafel plots below -1 V vs RHE is due to polarization of the electrode and does not represent the intrinsic activity of copper at pH 6.8.
The preceding illustration demonstrates that there are two principal consequences of excessive polarization on electrocatalytic measurements: The first is the increase in pH near the cathode, which causes a decrease in the local CO 2 concentrations and, consequently both the pH and the CO 2 concentration deviate significantly from their corresponding values in the bulk electrolyte. Second, as the applied potential rises, the fraction of the total potential available to drive the CO2RR decreases. This is what causes the kinetic overpotential to become smaller as the applied potential is further increased, a pattern that is seen in Figures S1a-b . A further consequence of high Nernstian overpotentials is the increase in the selectivity to H 2 generation relative to the products of CO2R, a trend that has been reported for H 2 evolution. 32 This conclusion is also supported by recent measurements, which show that the kinetic overpotentials for the HER occurring on NiMo and NiFe are lower under alkaline than under acidic conditions. 33 The decrease in the partial current densities of ethylene and ethanol seen in Figure   12 are actually due to a decrease in the kinetic overpotentials, as shown in Figure S1b . This observation supports the finding of Hori et al. 34 that the kinetics of ethylene evolution is pH independent. The cause for the observed decrease in the overpotential of methane evolution at higher current densities (or higher pH) is due to decrease in the partial current densities of C2 products. Schouten et al. also found that the increase in the partial current density of methane is coupled with higher hydrogen production in the alkaline electrolyte. 32 Therefore, the change in the faradaic efficiency of CO2RR products for cathode voltages below -1V vs RHE is due to the increase in the pH at the cathode and is not a characteristic property of copper at pH 6.8. 
CONCLUSIONS
This study has shown that the electrochemical reduction of CO 2 is affected by many factors. These include the composition of the catalysts used for the OER and CO2RR, the pH and conductivity of the electrolyte, the composition of the membrane separating the anolyte from the catholyte, and the voltage applied across the cell. We find that the bulk pH of the electrolyte strongly affects polarization losses occurring at the electrodes and, in turn, the limiting current density at which the cell can be operated. To achieve high limiting current densities and conditions favoring the reduction of CO 2 versus the generation of H 2 , the electrolyte should be 
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close to neutral in pH. The addition of a pH buffer lowers polarization losses for a given cell current density but may suppress the selectivity to products of the CO2RR. 30 Polarization losses are also reduced by using an anion-rather than a cation-exchange membrane and by reducing the mass-transfer boundary layer near each electrode. For a given current density, the highest level of polarization occurs for CO2RR catalysts exhibiting a high selectivity to CO, and the level of polarization decreases as the number of electrons required to produce a molecule of product increases. All other factors being constant, the level of electrode polarization increases with increasing current density. Therefore, the proposed analysis of polarization losses can also be used to study CO2R PECs 35 operating at current density of < 1 mA cm -2 (see Figure 4a) .
The results of this study suggest that reported measurements 2 of the electrochemical reduction of CO 2 are strongly affected by polarization losses at higher current densities (> 5 mA cm -2 ). As demonstrated in Figures 12 and Figure S1 , high polarization losses are due to the increase in pH at the cathode surface, which leads to a reduction in the local concentration of CO 2 and a reduction in the kinetic overpotential. Consequently, the changes in product currents and Faradaic efficiencies reported at high applied potentials and correspondingly high total current densities should not be interpreted as intrinsic characteristics of the CO2R catalyst, since such results are strongly affected by cathode polarization. This finding leads to the recommendation that electrochemical studies of the CO2RR be conducted in a manner that avoids conditions under which strong cathode polarization occurs. One approach for doing so would be to monitor the pH near the cathode surface. A technique for doing so based on measurement of the open circuit voltage at the cathode has been described in the literature. 36 Alternatively, the methods described here can be used to predict the limiting current and operating conditions to avoid exceeding 80% of the limiting current. We note further that significant depletion of CO 2 from the electrolyte can lead to an increase in polarization losses, as can poor mass transfer to the cathode. Therefore, electrochemical cells used for studies of the CO2RR should be designed to have high rates of gas to liquid mass transfer and thin masstransfer boundary layers. These conditions can be achieved by supplying the cell with a high flow rate of electrolyte saturated with CO 2 and by maintaining a small inter-electrode gap.
